The effects of amiloride and a series of amiloride analogs have been tested on the NaefH antiport activity in intact vacuoles and tonoplast vesicles isolated from sugar beet cell suspension cultures. There is a competitive interaction between amiloride analogs and sodium. Substitution of one or both H-atoms ofthe 5-amino group of amiloride (apparent K, about 150 micromolar) resulted in a 3-to 200-fold increase in inhibitory potency of the antiport activity.
We have recently provided evidence of a Na+/H+ antiport in tonoplast vesicles isolated from storage tissue of red beet and sugar beet (3) . Since the vacuolar accumulation of sodium is characteristic of salt-tolerant species (9, 10) this tonoplast Na+/ H+ antiport may be one of the principal physiological factors conferring salt tolerance on the plant. Our studies have shown that the diuretic drug amiloride is a competitive inhibitor of the Na+/H+ antiport. Its reversibility limits the use of amiloride as a tool for the eventual identification and isolation of the antiport. Our objective is to design a radioactive affinity analog of amiloride suitable for this purpose.
Here we have studied the effects ofa series ofamiloride analogs on the Na+/H+ antiport activity in intact vacuoles and isolated tonoplast vesicles from sugar beet cell suspensions.
MATERIALS AND METHODS
Plant Material and Protoplast Preparation. Cell suspension cultures of sugar beet (Beta vulgaris L.) were grown as described previously (6) . For the isolation of protoplasts, 50 g (fresh weight) of 6 d old cells were incubated at 25°C for 2.5 h with shaking at 75 rpm in 100 ml solution containing 0.5 M sorbitol, 0.5 mM CaC12, 0.1% BSA, 0.1 % PVP (mol wt 10,000), 0.5 mM DTT, 2% Cellulase, 0.05% Pectolyase (Seishin Pharm. Co., Japan), and 25 mM Tris/Mes (pH 5.5 of fluorescein diacetate (12) . For further purification 20 ml protoplast suspension was mixed with 20 ml wash buffer containing 50% (v/v) Percoil (Pharmacia). Ten ml volumes were overlayered each with step gradients consisting of 10 ml of 10% (v/v) Percoll in wash buffer and 10 ml of wash buffer. After centrifugation at 5OOg for 20 min, the 0/10% Percoll interface was removed and the protoplasts were washed twice by centrifugation and resuspension in wash buffer.
Isolation of Vacuoles. Sugar beet protoplasts were subjected to changes in pH, calcium, and osmoticum to release vacuoles. Ten ml lysis buffer (4 Enzyme Assays. Vanadate-sensitive ATPase activity and Cyt c oxidase were measured as described previously (6) . Glucose 6-P dehydrogenase was determined according to Brulfert et al. (7) .
Reagents. Amiloride and its analogs were synthesized as previously described (8) . Dilutions were made from freshly prepared stock solution in DMSO, and the final DMSO concentration, in the absence or presence of amiloride and analogs, was 0.02% in all assays.
Isolation of Tonoplast Vesicles. Purified tonoplast vesicles were isolated as described previously (6) . The vesicles were preloaded with a buffer of the desired ionic composition by suspension and sedimentation at 100,000g for 30 min. Final membrane pellets were resuspended in the same loading medium to 6 mg/ml and incubated at 4°C for 2 h before use.
Protein Determination. Protein was estimated by a dye-binding method (Bio-Rad) as previously described (4).
Fluorescence Assays. The fluorescence quenching of acridine orange was used to monitor the dissipation of inside-acid pH gradients across the membranes of the tonoplast vesicles (3, 5) and intact vacuoles. Na+-dependent H+ fluxes were measured in isolated tonoplast vesicles as described previously (6) (Fig. 1) . After fluorescence stabilized, various concentrations of Na+ were added, and the initial rate of H+ efflux was measured in terms of change in fluorescence quench (Q) per min. In the presence of equimolar K+ concentrations (15 mM) across the membranes plus valinomycin (to clamp the membrane potential) the initial rate of Na+/H+ exchange (fluorescence recovery) displayed saturation kinetics with an apparent Km of 11.5 mM (Fig. 1, inset) . H+ efflux showed a simple Michaelis relationship to external Na+ concentrations when the potential was clamped with K+ and valinomycin, but when the potential was not controlled, there was an additional linear component of Na+/H+ exchange (3). Thus, there was a component of Na+/H+ exchange mediated by the membrane potential, indicating a significant Na+ permeability. This Na+ permeability may not be a natural property of the tonoplast of Beta but may be due to a separate population of leaky (damaged) vesicles (14) . Vesicles leaky to Na+ should hold a pH gradient as long as there is no counter-ion to balance H+ movement. Valinomycin and K+ collapse the pH gradient in this population, which accounts for the rapid partial recovery of fluorescence seen in the first few seconds after the pH jump in Figure 1 . This interpretation is supported by experiments with intact vacuoles (below).
A proton gradient, acidic inside, was generated in intact vacuoles by activation of the ATP (Fig. 2, inset) . The composed of different tonoplast domains with heterogeneous properties. These experiments also show that similar results are obtained whether the pH gradient is generated by ATPase activity or by transferring vesicles to a different buffer solution.
We have shown previously that the diuretic drug amiloride, a specific inhibitor of Na+/H+ exchange in various animal membranes, is a competitive inhibitor of the Na+/H+ antiport in tonoplast vesicles isolated from storage tissue of red and sugar beet (3) . However, the reversibility of the inhibition limits the use of amiloride as a tool for the identification and isolation of the antiport. Several groups have recently studied the structureactivity relationships ofvarious amiloride derivatives in myocites (16) , epidermoid carcinoma cells (17) , kidney epithelial cells (11) , and human neutrophils (15) . In all these cases the substitution of one or both H-atoms ofthe 5-amino group ofamiloride resulted in an increase in potency for inhibition of Na+/H+ exchange activity. None of the analogs inhibit the Na+/H+ exchange irreversibly, and as such are not useful for the identification of antiport polypeptides. In the present work we have tested the effect of several of these derivatives on the Na+/H+ antiport activity in tonoplast vesicles and intact vacuoles isolated from sugar beet cell suspension cultures. (Fig. 3a) and 0 to 40 Mm for analog D (Fig. 3b) . External sodium concentrations were in the range of 5 to 75 mM. Both analogs inhibited Na+/H+ exchange activity in a competitive manner. A secondary plot of apparent Km versus analog concentrations yielded an apparent Ki of 2.8 and 21 Mm for analogs B and D, respectively (inset of Fig. 3, a and b) .
The effects of amiloride analogs on Na+-dependent H+ fluxes were also tested in intact vacuoles. A proton gradient, acidic inside, was generated in intact vacuoles by activation of the H+-ATPase in the presence ofincreasing concentrations ofamiloride analogs in the assay medium. Following the removal of ATP from the assay by addition of hexokinase, sodium aliquots were added (range 5-60 mM) and the initial rates of proton efflux were determined as described in "Materials and Methods." Figure 4 shows an Eadie-Hofstee plot for the kinetic data obtained with analogs A (Fig. 4a) and E (Fig. 4b) (11, 15) . Thus the data, as far as they go, suggest similarities in the molecular structure of the tonoplast antiporter and those of animal plasma membranes.
The high affinity derivatives do not have any detectable effect on proton pumping or proton leakage through the tonoplast in the absence of Na+, and should therefore be useful, especially 33 the 5-N-ethyl-N-isopropyl (analog B) and the 5-N,N-hexamethylene (analog E) derivatives, both as physiological tools and for the design of an affinity label for identification of the antiport protein.
